Agriculture has been consistently marked as one of the deadliest industries by the United States Bureau of Labor Statistics (BLS). While this statistic is widely used in promoting agricultural safety and health, it does not paint a complete picture on the current status of agricultural safety and the advances that have been made in the last century. For example, even with a stagnant rate of injury, the BLS has reported that fatal incidents decreased from a high of 855 incidents in 1993 to a low of 500 incidents in 2013. The purpose of this study was to analyze the impact that agricultural engineering developments had on reducing fatal injuries. Agricultural engineering developments are defined as any agricultural improvement that results in a direct reduction in the amount of labor needed. This study uses existing federal agricultural statistical, injury and demographic data to calculate the impact that engineering, in contrast to yield improvements and safety enhancements, contributed to a reduction in the number of fatal incidents. The study found that engineering developments could have contributed to the reduction in the number of fatal injuries by about 170 incidents from 1992 to 2015. This represents 63% of the total reduction in the number of fatal injuries. In conclusion, agricultural engineering developments play a substantial role in reducing the number of fatal incidents by removing and reducing labor exposure to hazardous environments.
Introduction
Agriculture is considered to be one of the most dangerous industries in the United States (US) [1, 2] . In addition, the overall fatal injury rate reported by the Bureau of Labor Statistics (BLS) has remained fairly constant over the last thirty years [3, 4] in spite of tremendous efforts in safety training [5] [6] [7] and safety improvements to agricultural equipment [8] [9] [10] . Indeed, due to the massive transformation that has occurred in agriculture [11, 12] , injury rates fail to capture a complete picture regarding the agricultural safety landscape. This can be most clearly seen when reviewing the number of fatal injuries over time that have occurred each year from 1992 to the present. From 1992 to 1994, an average of 834 deaths each year was reported in the agricultural industry. By 2000, this number dropped to 720 deaths, and in the last three years of reporting (2015) (2016) (2017) , this has averaged 581 incidents per year [4] . This represents a 30% drop in a 25 year period. The decreased number of fatal injuries could be a symptom of the transformation of agriculture in the last 60-70 years, in which the overall land harvested and the number of agricultural workers has decreased while production has significantly increased [11, 13] . A question arises on whether the reduction in total fatal injuries can be distilled to engineering developments (e.g., better tractors), yield improvements (e.g., better genetics for animals and crops), or safety enhancements (e.g., safer equipment, more training, or better enforcement). The purpose of this paper is to analyze existing federal datasets and make a preliminary delineation on the contribution that engineering development has in the reduction in total fatal injuries for the US in comparison to yield improvements and safety enhancements.
Literature Review
Fatal injuries and exposure to occupational hazards in the agricultural industry can impact those operating farms and those simply living on them, including adults, children, adolescents, and the elderly. Most adult incidents occur with males from ages 19-65 while operating motor vehicles-most commonly tractors [14] . The tractor is known as the single largest source for cause of death resulting in pelvic fractures, head/spinal cord injury, and blunt chest trauma [15, 16] . Similarly, for children, 25% of the fatal incidents involved machinery, 17% involved motor vehicles, and 16% were due to drownings [17] . There is a reported child fatality about every three days, as more than half (51%) of youth farm residents assist with operations [16] . The elderly still involved in farm operations are also commonly injured, with falls reported as a frequent occurrence [14] . These unique incident demographics highlight the unique challenges that face the field of agricultural safety. It is important to highlight the significant advancements in safety enhancements that occurred in the last 30-40 years including in areas of education, engineering (standards), and enforcement (regulation). In addition, it is important to highlight the transformation that occurred in agriculture in the last 30-40 years.
Education and Training Programs
In response to the lack of safety within the agricultural industry, there has been a wave of educational and training programs emerging from federal agencies, universities, professional societies, and non-profits providing assistance to farm workers and their families, agricultural health professionals, and surrounding industries impacted by agriculture.
The United States Department of Agriculture (USDA) was instrumental in establishing the AgrAbility program in 1980s that assists disabled farmers and North Central Education/Extension Research Activity 197 (NCERA 197) in 2000, a five year multi-state project focused on the collaboration between farmers and the land grant system to reduce the occupational injury and illness risk among farm workers [9] . The National Institute of Occupational Safety and Health (NIOSH) incorporated aspects of the NCERA 197 agenda in their national research plan. To further assist the programs and address some of the priority areas of the plan, NIOSH began utilizing extramural grants to fund ten agricultural disease and injury research centers around the country [9] . In addition, a youth focused center, the National Children's Center for Rural and Agricultural Health and Safety, was implemented to reduce the amount of children exposed to hazards associated with farm work [16] . Of equal importance is that NIOSH focused on funding state surveillance for diseases and injuries to further develop model population-based programs and led to the establishment of the National Agricultural Safety Database [18] . Similarly, the EPA has played a significant role in the control and education of pesticides and other environmentally hazardous agricultural exposures [19] .
Lastly, university programs, professional societies and non-profits have contributed to research, education and training programs to enhance farm safety. Purdue University Agricultural Safety and Health Program contributed many curriculum programs such as "Gearing Up for Safety," an instructional resource designed to teach 14-15-year-olds about hazards on the farm [20] . Similarly, the Ohio State University extension program designed a list of agricultural safety factsheets [21] . More recently, the USDA National Institute of Food and Agriculture (NIFA) funded the Safety in Agriculture for Youth (SAY) project to maintain a clearinghouse for agricultural and safety curriculum with project led by the University of Nebraska Medical Center [22] . The American Society of Agricultural and Biological Engineers (ASABE) began the Journal of Agricultural Safety and Health (JASH), which provides a forum for the identification and discussion of safety and health issues [23] . Both the International Society for Agricultural Safety and Health (ISASH) and the National Education Center for Agricultural Safety have created a similar space in the form of professional improvement seminars and courses highlighting hazardous materials, respiratory protection, cardiopulmonary resuscitation (CPR), rollover protective structure (ROPS) retrofit, tractor certification, confined spaces, rescue procedures, and youth programs [24, 25] . Similarly, non-profits have played a significant role in farm safety such as the Progressive Agriculture Foundation that runs the Progressive Agriculture Safety Day, which promotes increased safety knowledge with the aim of reducing risky behavior amongst children ages 8-13 [5] . In addition, Farm Safety 4 Just Kids had a significant impact in highlighting dangers of grain transport vehicles (GTVs), developing safety decals for GTVs and assisting in the dissemination of these decals and educational material on the dangers of GTVs [7] .
Regulations
There are many regulations that cover various aspects of health and safety within the agricultural industry. They are set forth by the Occupational Safety and Health Administration (OSHA), the Consumer Product Safety Commission, the Environmental Protection Agency (EPA), and the Department of Labor (DOL). The OSHA general duty clause requires employers to furnish each employee with employment and a workplace free from recognized hazards causing or likely to cause death or serious harm [26] . However, this regulation does not apply to small farms (less than 10 employees) or their immediate family members. In addition, the OSHA has published more specific standards relating to various aspects of agriculture including ROPS requirements for tractors [27] , agricultural confined space safety [28] , cotton ginning safety [27] , the use of forestry equipment [29] , farm/grounds landscaping equipment [30] , and power lawn mowers [31] . In addition, the EPA has two standards relating to agriculture, both pertaining to proper pesticide use: The Worker Protection Standard and the Certification of Pesticide Applicators Standard [32] .
Other federal standards have been put in place regarding youth labor and migrant labor. The DOL has promulgated a standard generalizing the minimum age for child labor at 18. The standard prohibits a child below the age of 16 from being employed in hazardous occupations with an exemption in place for family members [32] . In addition, the Migrant and Seasonal Agricultural Worker Protection Act of 1983 provided the DOL with the responsibility of ensuring that migrant and seasonal farmworkers have safe working conditions [32] . All of these standards help inform farm employers on how to be in compliance with the labor laws or farm employees about the proper use of machinery to ensure work in a safe environment.
Standards
There have been several engineering and safety standards implemented to accompany the educational programs and federal regulations passed. These include standards for agricultural field equipment [33] , farmstead equipment [34] , guarding for agricultural equipment [35, 36] , wording and formatting of safety signs on equipment [37] , and design, testing and performance requirements for ROPS and overhead protection [38] [39] [40] [41] . In addition, there are standards focused on describing the proper utilization of certain farm machinery such as agricultural front-end loaders [42] and safety for portable agricultural auger conveying equipment [43] . Most recently, ASABE published a grain bin access standard to enhance protection for those who enter grain bins [44] .
Agricultural Transformation
The transformation of the agricultural industry has led to an increased intensification of production through genetic manipulation, mechanization, and information systems. The adoption of plant hybrids has sped up the mechanization of farming [11] . Similarly, the development and implementation of technologies such as artificial insemination has been critical in increasing production efficiencies. For example, artificial insemination is directly responsible for the rapid yield increases seen in milk production [11] . In addition, mechanization has also enhanced the fertilization, tillage, and irrigation of the industry, thus changing the crop environment [11] . The next technological breakthrough was in information systems, and these breakthroughs allow farmers to manage complex agricultural production systems and further increase production efficiency [12] . One particular type of technology expected to play a significant role is automated detection systems such as remote sensing, aerial spraying, and real time image processing. For example, remote sensing will promote production by providing up-to date imagery data for crop diseases and insect pests at different spatial, spectral, and temporal resolutions [12] . Aerial spraying allows for the rapid response of chemical pesticides sprayed in the event of a pest outbreak. The application of pesticides can even be directed with variable rate technology which will allow farmers to apply pesticide in the infected areas only, thus reducing potential environmental impact and input cost [12] .
The progress made in training, regulations, engineering and the subsequent agricultural transformation highlight the importance in understanding the role that engineering development, yield improvements and safety enhancements contribute towards reducing agricultural fatalities.
Materials and Methods
Four datasets are needed to investigate the role that engineering developments, yield improvements and safety enhancements have played in the reduction of the total number of fatal injuries. The datasets are those of the yearly fatal injuries, labor data set (to estimate exposure), land harvested, and agricultural production outputs. Together, these datasets can be used to calculate labor efficiency (number of workers or hours/number of land harvested), productivity (production output/number of land harvested), and injury rates (number of injuries/number of workers or hours), with each metric representing the progress in engineering developments, yield improvements, and safety enhancements, respectively. For this preliminary analysis, it was decided that only federal datasets would be considered. There were multiple options in choosing federal datasets, with each dataset having its unique strengths and weaknesses, including:
(1) The USDA National Agricultural Statistical Services (NASS) reports production output for many crops and animal products. In addition, it reports cash receipts for farms in their census survey (usually every five years), with 1997 as the earliest year available in NASS Quick Stats [45]. (2) The USDA NASS (and NASS predecessors such as the Agricultural Statistics Board) has published a quarterly report on Farm labor since the 1930s on the number of hired laborers, including distinctions between full-time and part-time workers [46] . (3) The USDA NASS (and NASS predecessors) has published a yearly report on farm and land in farms since the 1960s on the number of farms, farmland and farm size in acres (1 acre = 0.405 hectare) [47] . (4) The Bureau of Labor Statistics (BLS) publishes the Census of Fatal Occupational Injuries that reports the total fatal injuries, fatal injury rates and the number of workers for agriculture as an industry and occupation [4] . (5) The USDA Economic Research Services (ERS) publishes productivity tables that include values for production, labor and land in dollar figures accounting for inflation. There is no access to the metadata that generated these tables [13] .
One of the advantages of using the USDA ERS datasets, compared with the USDA NASS or the BLS employment data, is that they include values for production, labor and land in one dataset with data going back to 1950s. Since this analysis compared labor, land, and production values, there was benefit in having all data available in one dataset with comparable values. The land and labor variables were adjusted to include labor and land quality in addition to quantity [48] . In addition, having yearly production reports in dollars was a plus and a more robust method when conducting an analysis on agriculture as a sector. Similarly, utilizing the same units across the analysis added robustness to this analysis. Lastly, a comparison between the USDA ERS and the USDA NASS showed that values for labor and land produce similar trends (Figure 1) , providing support for the use of USDA ERS land and labor values. The correlation values for the ERS and the NASS land and labor datasets were R 2 = 0.96 and 0.73, respectively, with intercept set to zero. Both values indicated high correlation, especially considering that the NASS's hired labor dataset does not take farm labor into account and treats full-time and part-time workers equally. While BLS datasets represent the most comprehensive data on injury rates in agriculture, the dataset switched their method of calculating agricultural labor in 2003 and readjusted again in 2007, leading to questions on the robustness of the injury rates [4] . Therefore, the USDA ERS dataset was used for labor, land and production values, and the BLS data were used only for total fatal injuries. The BLS reported data on agricultural fatal injuries by industry were chosen over agricultural fatal injuries by occupation since they represent the whole agricultural sector, similar to the ERS values. The BLS groups the agricultural, fishing, logging and hunting industries together when reporting fatal injuries by industry. This was the value that was used in this research article. 5 of 11 production values, and the BLS data were used only for total fatal injuries. The BLS reported data on agricultural fatal injuries by industry were chosen over agricultural fatal injuries by occupation since they represent the whole agricultural sector, similar to the ERS values. The BLS groups the agricultural, fishing, logging and hunting industries together when reporting fatal injuries by industry. This was the value that was used in this research article. 
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Data Analysis
There were three important parameters necessary to conduct this analysis: Productivity, labor efficiency and injury rates. Generally, productivity can be defined as the output/acre of land, labor efficiency as the labor used/acre of land, and injury rate as the number of injuries divided by total labor. Since, this analysis used ERS datasets, each of these parameters using ERS variables were calculated as follows:
The number of fatal injuries in a given year (x) is, by definition, a function of total harvested lands, labor efficiency (how much labor is needed to cultivate those lands) and injury rate. Using Equations (1)-(3), the equation is as follows:
In theory, the above equation indicates that the number of injuries occurring in a given year is a reflection of productivity (since the number of acres needed is dependent on agricultural productivity), efficiency, and the risk of injury. Moreover, each of these parameters reflects an aspect of the agricultural transformation. Productivity reflects technological improvements such as better genetics for crops or animals resulting in higher yields. Efficiency represents engineering improvements such as no-till harvesting or more effective tractors that can process a field more efficiently and reduce the time in the field. The risk of injury represents the focus on increasing safety 
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In theory, the above equation indicates that the number of injuries occurring in a given year is a reflection of productivity (since the number of acres needed is dependent on agricultural productivity), efficiency, and the risk of injury. Moreover, each of these parameters reflects an aspect of the agricultural transformation. Productivity reflects technological improvements such as better genetics for crops or animals resulting in higher yields. Efficiency represents engineering improvements such as no-till harvesting or more effective tractors that can process a field more efficiently and reduce the time in the field. The risk of injury represents the focus on increasing safety through engineering, education or regulation/standard enforcement. By treating each of these parameters as independent of each other, one can estimate the role each one had in reducing fatal injuries using the following equations:
To minimize any compounding impact the parameters might have on each other in calculating each parameter's role in reducing the number of fatal injuries, each parameter's impact was calculated on a yearly basis and then added together to generate each parameter's impact on fatal injuries. Another issue of concern is the natural yearly variance in the number of injuries that might severely skew the results based on the start or finish point. To reduce such an impact, a 5 year running average was calculated for each of the parameters (Land Input, EFF, INJ) before calculating the impact each of the three (PRD, EFF, INJ) had on the number of fatal injuries. The impact of this decision was also calculated. Another interesting parameter to calculate was the total number of fatal injuries prevented from beginning of the study due to each of these parameters. This was calculated by adding all previous year's impacts to a given year and then summing the values for all years. Lastly, it important to note that the reduction in the number of acres was estimated to be the impact of productivity. On its own this result is incomplete, as increasing productivity not only reduces the acres harvested but also eliminates the need to expand agriculture to new lands to meet demand. The number of lives saved due to removing the need to expand agricultural lands can be considered as the potential fatal injury savings. The use of the term potential was because if productivity did not increase, agricultural fields would not have completely expanded to meet current supply requirements due to economic and land constraints. The potential savings could be calculated as follows:
where y and x are the initial and final years, respectively.
Results
The agricultural transformation that occurred in the last six decades can easily be seen have to improved values for labor efficiency and productivity (Figure 2a ). Labor efficiency improved dramatically from 1950s to 1970s, and it has continued to gradually improve since then. Productivity has also increased dramatically and was able to maintain a rapid increase until the late 2000s, when the values plateaued. Between 1992 and 2015, labor efficiency improved by 20%, productivity increased by 30%, and injury rates decreased by 18% ( Figure 2) . The low R 2 for INJ values over time highlight the variability in year-to-year injury rates. This is expected due to inherent randomness of year-to-year injury data, yet the most important part of Figure 2b is the clear trend for injury rates over time. The total number of fatal injuries from 1996 to 2015, based on a five-year moving average, decreased by 273 fatalities (Figure 3) . The decreased need for labor (labor efficiency) was the main cause in reduction of fatalities, with 172 attributed to it, followed by reduction in injury risk (76 incidents), and productivity increases (27 incidents). In addition, another 121 potential fatal injury savings could be attributed to increases in productivity. From a cumulative perspective, the reduction in injury rates over 1996-2015 timespan saved a total of 540 lives, of which 347 could be attributed to a gain in labor efficiencies, 134 to reduced injury rates, and 59 to increased productivity. 
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Decreased labor need, which could be mainly attributed to developments in engineering designs and technologies, was the primary factor in the reduction in the number of fatalities in the agricultural 
Decreased labor need, which could be mainly attributed to developments in engineering designs and technologies, was the primary factor in the reduction in the number of fatalities in the agricultural industry. This result is not surprising, since the BLS reported similar injury rates for the period 1992-1996 and 2013-2017 (23.64 vs. 23.56 fatal injuries/100,000, respectively) [3, 4] . More surprising is the fact that 28% of the reduction in fatal injuries could still be attributed to a reduction in injury risk rate (INJ). This contribution could be attributed to safety enhancements in safer engineering designs, curriculum and education efforts, improved agricultural standards, and regulation enforcement. An example of a safety enhancement that incorporate all three E's (engineering, education and enforcement) is designing grain bins that can support anchor points, training workers on how to use harnesses, and enforcing regulations/standards on harness use in grain bins. Lastly, it is surprising that even when accounting for potential lives saved, labor efficiency (EFF) contributed more towards reducing injuries than productivity improvements.
This analysis opens up a wide variety of follow up studies that could be conducted. Primarily, running this analysis on state level, focusing it on particular specialties (such as field crops), or a combination of both might lead to more specific insights on the impact of the various safety enhancements have on injury rates. Focusing on a specific industry where improvements are well known might allow for the quantification of the impact each of these improvements has had on the field. For example, Myers and Hendricks [49] reported that tractor overturn fatality rates decreased by 28.5% between 1992 and 2007, while the overall fatality rate reported by the BLS increased by 20.6%. Understanding the shift in injury rates and the contributing factors (engineering, productivity, or safety) in reducing tractor overturns could provide insight on the effectiveness of safety programs. Another interesting study would be to run this analysis on non-fatal injuries. Lastly, conducting this analysis on other complete data sources could confirm the resulting conclusions.
Limitations
It is important to note that a major simplification of this analysis was ignoring the connectivity between productivity, efficiency and risk. Many agricultural scenarios tend to improve one or two of these parameters at the expense of another. For example:
(1) One of the most important safety recommendations when entering grain storage facilities is having an observer that can assist in making sure harness lines are taunt and call for help if needed [50] . For farmers to follow this recommendation, they can significantly reduce their risk of grain entrapment, but they do so at the risk of reducing their efficiency by having two individuals instead of one empty the grain bins. (2) A farmer deciding to plant a cover crop could potentially increase yield (by maintaining soil quality), but this would be at the expense of efficiency due to increased labor demands. (3) Banning the use of a highly effective pesticide due to potential health risk would decrease injury rates but also potentially reduce productivity. (4) Utilizing and adopting all-terrain vehicles (ATV) has increased farmer efficiency but at the expense of an increased risk of injury.
Unless an analysis compares the impact of introducing a specific technology on these parameters, it might not be possible to further separate these parameters. Ignoring the potential connectivity does appear to be the correct approach when conducting an analysis on the overall agricultural industry.
Another potential limitation is data. It was reported that U.S. government non-fatal occupational injuries tend to be underreported [51] , and, due to OSHA limited farm regulations, there is a concern that the number of fatal injuries are underreported. Similarly, using the $ values for labor and land instead actual values could have also introduced errors in the data. However, if the error in input data was constant and independent of time, then the errors did not impact the conclusions of this study, since this analysis focused on the difference between values and not the absolute values.
Conclusions
In conclusion, it is possible to measure the role that engineering developments, yield improvements and safety enhancements play in reducing overall fatal injury levels. It was found that engineering developments were the largest contributor (63%) to reducing the number of fatal injuries during the time period of 1992-2015. In addition, this paper provides the necessary tools and equations to measure the role that each of the components above contribute in reducing injury levels. These tools could be utilized in a variety of settings or industries. This article introduces a paradigm shift on how agricultural safety is viewed by pushing for a bigger picture approach in understanding the impact that engineering and other technological improvements have had in reducing the number of injuries. It also potentially leads to interesting ethical concerns that safety professionals would need to study. If a technology increases injury risk but also increases productivity and efficiency, should it be adopted if it would reduce the total number of fatalities (due to savings in the number of laborers needed)? What if the technology was neutral in terms of safety or had a negative impact on the number of fatalities? Is there a point in which increased productivity is worth the potential increase in the number of injuries?
